Influence of surface forces and wall effects on the minimum fluidization velocity of liquid-solid micro-fluidized bed by do Nascimento OL et al.
This work is licensed under a  
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International licence 
Newcastle University ePrints - eprint.ncl.ac.uk 
do Nascimento OL, Reay DA, Zivkovic V. Influence of surface forces and wall 
effects on the minimum fluidization velocity of liquid-solid micro-fluidized 
bed. Powder Technology 2016 
Copyright: 
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license 
DOI link to article: 
http://dx.doi.org/10.1016/j.powtec.2016.05.013 
Date deposited:   
27/06/2016 
Embargo Period:
10/05/2017
1 
 
Influence of surface forces and wall effects on the minimum 
fluidization velocity of liquid-solid micro-fluidized bed 
Orlando L. do Nascimento, David A. Reay, Vladimir Zivkovic*   
School of Chemical Engineering and Advanced Materials, Newcastle University, Merz 
Court, Newcastle-upon-Tyne, NE1 7RU, UK 
*Email: vladimir.zivkovic@ncl.ac.uk 
ABSTRACT 
Micro-fluidized beds represent a novel means of significantly enhancing mixing, mass 
and heat transfer under the low Reynolds number flows that dominate in micro- devices 
used in microfluidics and chemical micro-process technologies.  This is one way of 
implementing process intensification. Major differences of micro-fluidized beds from 
their classical macro-scale counterparts are the critical importance of surface forces and 
almost unavoidable wall effects due to their small bed size. Surface forces can become 
dominant over gravity and hydrodynamics forces at the microscale and fluidization could 
either be hindered or even prevented through the adhesion of particles to the walls of the 
bed. We have used the acid-base theory of van Oss, Chaudhury and Good combined with 
the Derjaguin approximation to estimate the wall adhesion forces for comparison with 
hydrodynamics forces. Our new experiments show interesting fluidization behaviour at 
the boundary of micro-flow as a result of interplay between the ratio of surface and 
hydrodynamics forces and wall effects which both influence the minimum fluidization 
velocity. 
Keywords: Fluidization, Micro-Fluidized Bed, Microfluidics, Surface Forces, Wall 
Effects, Process Intensification. 
 
 
 2 
 
1. Introduction 
Microfluidics [1-3] is the science and technology of processing of small volumes of fluids 
in conduits having dimensions of the order of tens to hundreds of micrometres. This 
research area holds promise in disparate fields ranging from automation of chemical 
analysis [4-6] to medical diagnostics [7-9] through to process intensification [10-13]. This 
promise is frustrated, however, because the heat and mass transport central to these and 
other applications is dominated by the molecular diffusion that comes with the inevitable 
laminar flow found in micron-sized conduits. Fluidized beds have long been used at the 
macro-scale to enhance mixing and, thereby, heat and mass transport. Recent modelling 
[14, 15] and experimental work [16-21] has demonstrated that liquid-solid micro-
fluidized beds are feasible, offering the potential to not only overcome diffusion-limited  
fluid mixing, heat and mass transport in simple micron-sized channels, but also to provide 
higher sensitivity and multi-modal detection in the diagnostic context by virtue of the 
large surface area per unit volume that comes from use of micro-particles [22, 23].  
In general, the main difference between micro- and macro-scale flows is the importance 
of surface forces relative to volumetric forces such as gravity. Based on this criterion, the 
widely asserted boundary between the two regimes is set at 1 mm in the general 
microfluidics field [24, 25]. Not unsurprisingly, our recent work [19, 20, 26] confirmed 
that surface forces play an important role in the micro-fluidized bed (FB) as well, for 
example surface forces can prevent fluidization in a FB in some cases. We showed that 
the acid-base model of van Oss, Chaudhury and Good combined with the Derjaguin 
approximation [27] can successfully predict the propensity of micro-particles to adhere 
to the walls of FBs using common liquid fluidizing media [20, 26]. Furthermore, we 
used a comparison of surface and hydrodynamic driving forces to estimate the boundary 
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between micro- and macro-scale fluidization at 1 cm with stricter limits at 1 mm, the same 
as for microfluidics [26]. 
A second major issue in FBs is the high potential for the particle-to-bed diameter ratios 
to be greater than 0.1, leading to significant influence of the bed walls on the packing of 
the particles in the bed and subsequently fluidization behaviour [17, 19, 20]. The bed 
voidage in the FB (micro-packed beds as the starting fluidization point) is indeed 
substantially higher compared to macroscale beds, leading to a significant increase in the 
minimum fluidization velocity [19, 20]. The bed expansion behaviour also varies with the 
particle-to-bed ratio confirming strong wall effects as in the original Richardson-Zaki 
correlation for viscous flow [28]. Our preliminary experiments indicate that the 
Richardson-Zaki exponent, n, increases significantly in a linear manner with the particle-
to-bed diameter ratio only when the ratio exceeds 0.1 [20]. Subsequently, Tang et al. [21] 
confirmed our findings if only for narrow particle size distributions, while the trend is 
opposite for particles with wider distribution. Their study shows that wall effects are still 
influencing minimum fluidization behaviour for very high bed to particle ratios of up to 
30, i.e. particle-to-bed diameter ratios greater than 0.03 [21].  In gas-solid miniaturized 
beds experiments, the influence of the wall effects on the minimum fluidization velocity 
was observed for even lower particle-to-bed diameter ratios of 0.02 [29, 30]. 
We performed new experiments with glass micro-particles and water as a fluidizing 
medium at a boundary of a micro-fluidization according to our previous mentioned study. 
Specifically, we used micro-machined Perspex fluidized bed of 1 mm2 and 4 mm2 square 
cross sections in this study. The structure of this paper is as follows. We will first outline 
the experimental details, including the apparatus, the particulate and liquid materials, and 
the experimental procedures used. Secondly, a brief theoretical background for adhesion 
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between a wall and particles immersed in a liquid is given. This is followed by a 
presentation of the results obtained using this theory and their discussion. 
2. Experimental details 
2.1. Micro-fluidized bed 
The micro-fluidized bed was made by milling square cross section millimetre channels 
into a Perspex block fitted with a distributor. Two micro-bed units were used in 
experiments with a cross section of 1 mm x 1mm (i.e. the hydraulic diameter D =1 mm) 
and 2 mm x 2 mm (D = 2 mm) and height of 100 mm as shown in Fig. 1(a).  The distributor 
was 1.5 mm thick, porous polyethylene sheet with mean pore size of 21µm (SPC 
Technologies Ltd, UK). Fig. 1(b) gives schematics of the experimental set-up which 
consisted of syringe pump (AL-4000, WPI Inc., US) to pump water as a fluidizing 
medium and Euromex Nexius trinocular digital microscope fitted with a LED ring for 
illumination of the bed. A USB digital camera (JB Microscopes Ltd, UK) connected to a 
microscope was used for recording the micro-fluidization expansion behaviour. The 
images were stored on a PC for offline analysis.  The micro-fluidized bed was placed on 
a laboratory jack for easy height adjustment.  
2.2. Particulate and liquid materials 
We considered two different groups of as-supplied particles: (1) four different sized soda 
lime glass microspheres of density ρp = 2500 kg/m3 and average diameter 𝑑𝑝 = 26.5, 35,
58  and 115 μm with a standard deviation of 1.5, 3, 5 and 9 m respectively (Cospheric 
LLC, US); and (2) five different sized poly(methyl methacrylate) (PMMA) particles of 
density ρp1200 kg/m3 and average diameter 𝑑𝑝 = 23.5, 35.0, 41.5, 58  and 115  μm 
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with a standard deviation of 1.5, 3, 1.5, 5 and 9 m respectively (Cospheric LLC, US). 
All fluidization experiments were undertaken using tap water as a fluidizing medium. 
2.3. Experimental procedure 
Flowrates were calibrated in the range of fluidization velocities with and without particles 
inside the bed as in some cases a high pressure drop across the porous distributor caused 
a considerable but linear discrepancy from syringe pump readings. The pressure drop 
across the micro-fluidized bed was not measured in the present work. Consequently, the 
minimum fluidization velocity was obtained from visual observation of expansion 
behaviour. ImageJ [31] was used for offline image analysis to obtain the height of the 
fluidized bed as a function of water flow rate. The minimum fluidization velocity, Umf, 
was obtained by extrapolation of the relative fluidized bed height plots as a function of 
liquid velocity to the packed bed height velocity in both fluidization and de-fluidization 
operation, i.e. for increasing and decreasing flow rates experiments respectively  [16, 19, 
21]. A minimal of three cycles of fluidization and defluidization were performed to 
determine the minimum fluidization velocity for the entire range of experimental 
conditions. Experiments were performed at room temperature of 20 ± 2°C. 
 
3. Theoretical background 
Theoretical calculations were detailed in a previous paper [26] so here  a procedure is 
briefly outlined.  The free energy of interaction between two different solid surfaces 
immersed in a liquid, ΔG1w2, is calculated from Dupree equation using the acid-base 
approach developed by van Oss, Chaudhury and Good [27]. If a free energy is less than 
zero (i.e. ΔG1w2 <0), adhesion between the two solid surfaces occurs in the presence of 
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the liquid phase, otherwise interactions are repulsive. However, the situation is dynamic 
involving fluid flow so one need to compare the adhesion force to the hydrodynamic force 
particles are experiencing. We used the Derjaguin approximation to obtain adhesion 
forces where the particles and the bed wall are approximated by spheres and a flat plate 
which leads to [27] 
pwadh dGF 21                    (3) 
Due to difficulties in calculating directly drag forces [26], hydraulic forces are obtained 
through a simple force balance where the drag force, Fd, is equal to buoyant weight of a 
particle, Fbw, as given by 
gdFF pfpbwd )
6
1
)(( 3                      (4) 
 
4. Results and discussion 
4.1. Free Energy Predictions for Experimental Systems 
The surface tensions parameters of water and two solids (i.e. PMMA and glass) 
considered in this experimental study are shown in Table 1 as taken from various sources.  
The free energies of interaction, ΔG1w2, for the two particles/wall material/liquid triplets 
were evaluated using all combinations of these values. The free energies obtained from 
the combinations for a triplet were then used to obtain the averages and standard 
deviations shown in Table 2 along with the associated minima and maxima. 
In the first case of glass particles immersed in water, the majority of the parameter 
combinations predict that glass microparticles will be attracted to a PMMA bed walls 
when immersed in water; only when the glass parameters of van Oss [27] are used with 
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the PMMA parameters except that of Della Volpe & Siboni [32]  do we get a positive 
free energy (3 out of 12 combinations).  The average free energy for the latter three 
combinations suggest no propensity for adhesion (mean value of 8.00 mJ/m2 with 
standard deviation of 3.80 mJ/m2),  while the average of only adhesion predicting values 
(9 out 12 combinations) is -8.86 mJ/m2 with a standard deviation of 5.76 mJ/m2.  Overall 
the average of all 12 combinations is -4.62 mJ/m2 with an obviously large standard 
deviation of 9.28 mJ/m2 (Table 2), which is due to a large spread of calculated values as 
can be seen from the reported minimal and maximal values. However, taking into account 
all of these results suggest strongly that glass microparticles have a weak propensity to 
adhere to a PMMA surfaces in the presence of water. Indeed, we noticed glass particle 
sticking to the wall when the fluid flow is stopped and they even stick above fluidized 
bed in our de-fluidization experiments as shown in Figure 2(a) and (b).  We noticed that 
some particles would roll-out off the walls and get back to the bulk of the fluidized bed 
during the de-fluidization cycle of the experiments.  
In the second case involving PMMA particles in the presence of water, all 16 
combinations of the PMMA surface tension parameters were used rather than a simplified 
formula for interaction between identical surfaces in liquid [27] as essentially bed and 
particle materials are almost certainly of different characteristics, coming from different 
sources. All the evaluated free energies are substantially less than zero, not unsurprisingly 
given the hydrophobicity of PMMA. With an average free energy of interaction of 47.22 
mJ/m2 and standard deviation of 7.49 mJ/m2 (Table 2), the theory certainly suggests a 
strong propensity for PMMA particles adhesion to a PMMA bed walls in presence of 
water as shown in Figure 2(c) and (d). The free energy interaction between identical 
surfaces (4 out of 16 combinations) is slightly different with a mean of -46.65 mJ/m2 and 
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standard deviation of 9.97 mJ/m2. This suggests strong cohesion forces between PMMA 
particles while immersed in water which is not present in glass particles case as the glass 
surface is hydrophilic and consequently interactions are repulsive (mean free energy of 
22.16 mJ/m2). 
4.2. Estimated adhesion/drag force ratio as a function of particle diameter 
Although the free energy of interaction identifies the nature of the forces (attractive or 
repulsive), the ratio of forces at play is more useful when seeking to understand if 
adhesion will in fact happen and influence the dynamics of the process. Fig. 3 shows the 
ratio of estimated adhesion forces to drag force as a function of particle diameter for the 
glass and PMMA particles inside a PMMA bed with water as the fluidizing medium; the 
2 gradient of the lines in this figure arises from the adhesion force scaling directly with 
particle diameter, Eq. 3, whilst the drag force scales with the cube of the diameter, Eq. 4. 
In the cases of PMMA micro-particles fluidized by water in a PMMA micro-fluidized 
bed, adhesion forces are some 3 to 5 orders of magnitude larger than the estimated drag 
forces, indicating particle adhesion to the bed walls is highly likely to influence the 
fluidization process. However, weaker adhesion forces and higher particle density in the 
case of glass micro-particles gives adhesion forces comparable to drag forces, i.e. only 1 
to 3 orders of magnitude larger. Specifically for the largest 115 μm glass particles the 
estimated ratio of adhesion force to drag force is only Fadh/Fd = 26.3. This is very close 
to the boundary ratio value (order of 10) from our previous paper [26] for which we 
hypothesised the surface forces can be neglected.  
Indeed as hypothesized for a system with comparable adhesion and hydrodynamics forces 
[26], we achieved smooth fluidization of the largest 115 μm glass particles in PMMA 
micro-fluidized bed using water as fluidizing medium as shown in Fig. 4(a). Perhaps 
 9 
 
surprisingly, we were able to achieve smooth fluidization for each size of glass micro-
particles (only the smallest 26.5 μm glass particles fluidization is shown in Fig. 4(b)) 
indicating that transition regime is more broad and/or more nuanced and complex than 
anticipated in our previous paper [26]. Even more unexpected, we attained smooth 
fluidization for all size of PMMA particles (e.g. Fig 4(c) and (d) for 115 μm  and 23.5 μm 
PMMA particles respectively) despite adhesion forces which are 3 to 5 orders of 
magnitude larger than the drag forces. This is completely different to our previous study 
with the system having a similar ratio of adhesion to surface forces where fluidization 
was impossible due to the particles completely adhering to the walls of the micro-
fluidized bed - we will return to this point in sub-section 4.5. Although no complete de-
fluidization was observed, in all cases the onset of fluidization was postponed which 
indicates that the adhesion forces between particles and the bed walls must be overcome 
before the fluidization starts. 
4.3. Determination of minimum fluidization velocity from expansion graphs 
Typical plots of relative bed height as a function of superficial fluid velocity are given in 
Figure 5. In all cases the bed expansion ratio shows a linear trend with fluidization 
velocity similar to previous micro-fluidization experiments [19, 21].  Extrapolation to the 
packed bed height was used to determine experimental fluidization velocity both for 
increasing, Umf,u,  and decreasing, Umf,d, flow rate curves as shown in Figure 5.  In some 
cases the extrapolation fitted line will intersect with the vertical zero expansion line 
slightly below the experimental packed bed point. In those instances the last packed bed 
point before bed expansion is reported as experimental Umf instead of intersection point. 
This illustrates that the determined Umf  are slightly underestimated using this method 
compared to more reliable pressure drop measurements [17]. We used arithmetic mean 
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of Umf,u and Umf,d values with associated standard deviations as experimental Umf,exp in 
further analysis. The theoretical minimum fluidization velocities, Umf,t was calculated 
using the Ergun equation [33], with an estimated initial packed bed voidage of  εmf = 0.40 
± 0.01 in line with previous experiments [21] and trend of rectangular packed bed voidage 
with particle-to-bed ratios [34, 35]. The mean value of the theoretically calculated 
minimum fluidization velocities are shown by arrows on the plots. The experimental 
minimum fluidization velocities are proportionally greater for PMMA particles compared 
to glass particles also for the smaller particle diameter compared to the bigger ones. This 
strongly suggests that ratio of adhesion forces to the hydrodynamic forces is influencing 
the incipient fluidization velocity.  
4.4. Influence of Adhesion/Drag Force Ratio on the minimum fluidization velocity 
We plotted ratios of experimentally determined fluidization velocity over the theoretical 
calculated values using the Ergun equation [33] as a function of adhesion/drag force ratios 
as shown in Fig. 6.  In the case of glass micro-particles, Fig. 6 (a), the velocity ratio goes 
below unity which is a consequence of underestimation of experimental minimum 
fluidization velocity by the extrapolation of expansion lines, a technique applied here as 
discussed in the previous sub-section. Yet, it seems that the velocity ratios level off at 
around 0.8 at lower fluid velocities in the case of 4 mm2 (squares) square micro-fluidized 
bed indicating probably a 20-30% underestimation in the determination of the Umf  in our 
experiments. Regardless of these systematic underestimations, the figure undoubtedly 
shows that the increase in experimental minimum fluidization velocity is linearly scaling 
with the force ratio both for glass and PMMA micro-particles fluidization. However, it is 
noticeable that two distinct lines represent results in 1 mm2 (circles) and 4 mm2 (squares) 
square micro-fluidized beds in both glass and PMMA particle fluidization experiments. 
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This clearly indicates that wall effects, i.e. the particle-to-bed diameter ratio, influence 
the postponement of incipient fluidization in addition to the adhesion/drag force ratio.  
4.5. Influence of adhesion/drag force ratio and wall effects on the minimum 
fluidization velocity 
In order to take wall effects into account, we replotted the data from Fig. 6. as a function 
of the simple product of two ratios: adhesion/drag force ratio and particle-to-bed diameter 
ratio. In both particles cases, the data fall on one master line showing good linear trend 
of increase of the minimum fluidization velocity as a function of the introduced ratios 
product. The linear fitting to the glass micro-particles fluidization data gives a line of 
slope 0.0510 ± 0.0025 as shown in Fig. 7(a) (adjusted R2 = 0.9836) while for the PMMA 
beads slope of linear fitting line is 0.0100 ± 0.0006 (adjusted R2 = 0.9676), Fig. 7(b). We 
speculate that the difference in the slope of the lines is due to particle cohesion which is 
present for PMMA particles but not for glass beads immersed in water as reported in the 
sub-section 4.1, but other factors like particle density cannot be completely excluded. In 
general cohesion will increase the particle size due to agglomeration which will reduce 
the importance of surface forces as the major factor and therefore reduce the slope of the 
line, but more detailed investigation is needed to elucidate this further.  
The discovered relationship can be used to predict the point of no-fluidization by 
extrapolating experimental data to the particle terminal velocity, Ut, as shown in Fig. 8. 
This complete de-fluidization happened in our previous study with 30.5 µm glass and 
PMMA beads inside a 400 x 175 µm PDMS micro-channel [26].  In the case of PMMA 
particles, Fig. 8(b), predicted a critical product ratio of the order of 5000 where the micro-
fluidization would be impossible which explains the no-fluidization observation from our 
previous study at double of this critical ratio. However, extrapolation of the glass beads 
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micro-fluidization data points from this study predicts successful fluidization for the 
product ratio of around 200 as calculated for glass particles in our previous study. The 
estimated value of the increase of the minimum fluidization velocity is approximately ten 
times over the theoretical fluidization velocity but still approximately  four times lower 
than the particle terminal velocity. Indeed, in our previous study using an aqueous 
solution of surfactant we managed to overcome adhesion forces but above the terminal 
velocity so no-fluidization was achieved as particles were washed away [26]. We think 
that the elasticity of PDMS material is probably the cause of this discrepancy. The area 
of contact between particles and bed walls will be higher for PDMS rubber-like material 
compared to rigid PMMA plastic used in this study. The contact area for glass/PDMS 
system is approximetely 1.5 to 3 times bigger than for glass/PMMA wall contact as 
estimated by the Hertz formula [36] with the elastic modulus and the Poisson’s ratio 
values for the materials from various sources [37-40]. Consequently, the adhesion forces 
are higher which explains partly the discrepancy between experiments in PMMA bed 
with our previous PDMS bed measurement point.  Furthermore, the difference in surface 
roughness  characteristics between micro-machined PMMA beds and PDMS channel  
fabricated by the standard soft lithography technique [41] also can significantly influence 
the adhesion dynamics [42].  The microfluidic PDMS channels probably have only small 
surface coverage of small-scale nanometre surface asperities [43]  while PMMA beds will 
have in addition large-scale micrometre asperities as measured in similar system [21]. 
Because of particle-asperities interactions which are highly likely for rough PMMA beds, 
the adhesion forces will be smaller in comparison with pure particle-plate interaction [42] 
as used in our calculations. Consequently, smooth PDMS channels with low coverage of 
small-scale asperities will have significantly bigger adhesion forces due to the increased 
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probability of having pure particle-plate contact [42], but detailed statistical information 
on the surface roughness would be needed to correctly estimate adhesion forces between 
rough surfaces using numerical simulations [42].  
4.6. Hysteresis in micro-fluidization expansion behaviour 
The expansion plots, Fig. 5, shows obvious and quite large hysteresis effects in expansion 
lines for both glass and PMMA particles, probably due to considerable pressure overshoot 
for fluidization cycle experiments as already measured in the micro-fluidized bed [17]. 
This may also be an indication of jamming transition as demonstrated by the careful 
experimentation of Goldman and Swinney [44]. We quantify the degree of hysteresis as 
the ratio of Umf,u and Umf,d for each size of particles. The velocity ratios were the order of 
1.2-1.3 and 1.15-1.25 for PMMA and glass particles fluidization indicating larger 
hysteresis for more adhesive PMMA beads. The plot of glass particles fluidization results 
shows good trend of increase of hysteresis with the product of force and particle-to-bed 
diameter ratios as shown in Fig. 9(b). On the other hand, this trend is not present in results 
of PMMA particles fluidization with no obvious trend with either force ratio or particle-
to-bed diameter ratio alone (not shown here).  
5. Conclusions 
We studied fluidization of glass and PMMA micro-particles in 1 mm2 and 4 mm2 square 
micro-fluidized beds made of Perspex (PMMA). As predicted by the acid-base theory of 
van Oss, Chaudhury and Good there was noticeable adhesion to the bed walls for both 
particle materials. The Derjaguin approximation was used to estimate adhesion forces 
between micro-particles and bed walls for comparison with drag forces approximated by 
the buoyant weight of the particles. The observed incipient fluidization in the micro-
fluidized bed was postponed in comparison with theoretical predictions based on 
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macroscopic experiments. This was influenced both by adhesion strength and wall 
effects. The increase in the minimum fluidization velocity scales linearly with the simple 
product of adhesion/drag force and particle-to-bed diameter ratios. Particle cohesion and 
bed walls/particle materials properties like elasticity influence the scaling relationship but 
further investigation is needed on this point.  The hysteresis is proportional to the product 
of force and particle-to-bed diameter ratios in case of glass particles but not for PMMA 
particles results- further investigation is needed to elucidate this further.  
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Table captions 
Table 1: Surface tension components (in mJ/m2) for water and solids used in this study 
taken from various literature sources. 
Table 2: Free energy of interaction (in mJ/m2) between glass or PMMA particles and the 
sidewalls of the PMMA (Perspex) microfluidized bed in water. The mean, 〈∆𝐺1𝑤2〉, 
standard deviation, 𝜎(∆𝐺), minimum, (∆𝐺)𝑚𝑖𝑛, and maximum, (∆𝐺)𝑚𝑎𝑥, values are 
obtained by using different sets of the surface tension parameters drawn from Table 1. 
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Figure captions: 
Fig. 1.  Schematic of (a) micro-fluidized bed and (b) experimental setup for 
visualization. 
Fig. 2. Optical micrograph showing adhesion of 35 µm glass (a & b) and PMMA (c & d) 
particles to the PMMA walls of 1 mm2 square micro-fluidized bed in water as the 
fluidizing medium.  Adhesion is shown above packed bed with no fluid flow (a & c) and 
above fluidized bed during de-fluidization cycle of experiments at volumetric flow rate 
of 160 µl/hour (b & d). 
Fig. 3.  Ratio of adhesion forces, Fadh, to drag force, Fd, for glass (filled circles) and 
PMMA (empty circles) micro-particles as a function of particle size. Lines represent 
theoretical prediction for any given particle size. 
Fig. 4. Optical micrographs showing successful fluidization with: (a) 115 µm  glass, (b) 
26.5 µm  glass, (c) 115 µm PMMA and (d) 23.5 µm  PMMA microparticles in a Perspex 
(PMMA) D = 1 mm square micro-fluidized bed at different water volumetric flow rates. 
Fig. 5. Relative bed height as a function of superficial fluid velocity, U, with increasing 
flow rate (symbol) and decreasing flow rate (symbol) for (a) 115 µm  glass, (b) 26.5 µm  
glass, (c) 115 µm PMMA and (d) 23.5 µm  PMMA microparticles in 1 mm2 micro-bed. 
Errors are smaller than symbols. 
Fig. 6.  Ratio of experimental, Umf,exp, and theoretical, Umf,t, minimum fluidization 
velocity as a function of adhesion/drag force ratio for (a) glass  and (b) PMMA micro-
particles in D = 1 mm  (circles) and D = 2 mm (squares) square micro-fluidized beds. 
Fig. 7. Ratio of experimental, Umf,exp, and theoretical, Umf,t, minimum fluidization velocity 
as a function of product of force and particle-to-bed diameter ratios for (a) glass  and (b) 
PMMA micro-particles in D= 1 mm  (circles) and D = 2 mm (squares) square micro-
fluidized bed. 
Fig. 8. Extrapolation of experimental data for glass (a) and PMMA (b) particles 
fluidization from Fig. 7 to the ratio of the particle terminal velocity, Ut, over the 
theoretical minimum fluidization velocity, Umf,t,. Experimental points for 30.5 µm 
particles from a previous study given as diamond points on Ut/Umf,t dashed-line while 
lines are linear fitting to the experimental points of this study.  
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Fig. 9. The ratio of the experimental minimum fluidization velocity for increasing, Umf,u, 
and decreasing, Umf,d, flow rate experiments versus product of force and particle-to-bed 
diameter ratios for (a) glass  and (b) PMMA micro-particles. 
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